Abstract: This paper presents a part of the results obtained from extensive studies conducted on springs -remarkable freshwater habitats with many unique characteristics and a high degree of biological diversity. The abiotic conditions and fauna composition of 68 submontane permanent oligotrophic springs in the Blanice River catchment (eastern part of The Bohemian Forest, Czech Republic) were investigated with a focus on their relationship to the Pisidium species occurrence. We attempted to determine the habitat requirements of individual pea clam species. Species of genus Pisidium generally preferred unshaded springs with fine substrate, the most favourable environment were helocrene springs. Although they were the second most numerous taxonomical group in the springs, only two species were present there: Pisidium casertanum and P. personatum. The occurrence of both species strongly positively correlated with each other. Substrate type and a few chemical parameters were the main parameters, which differentiated the distribution of both species. While P. casertanum was found to be most abundant in vegetation, P. personatum preferred humolite substrate. The occurrence of P. casertanum was further influenced by nutrients compared to P. personatum, whose occurrence positively correlated with the common minerals. In general, biotope characteristics of springs were found to be more important for Pisidium species inhabiting oligotrophic mountain springs than water chemistry.
Introduction
Springs are unique freshwater habitats, representing the interface between surface and groundwater ecosystems. They are peculiar due to their relatively stable environmental conditions and isolated occurrence. Their habitat complexity, combined with their small area, offers ideal opportunities for studying relationships between species and their habitats (Staudacher & Füreder 2007) .
One of the most numerous taxonomical groups in springs are pea clams (Pisidium C. Pfeiffer, 1821, Sphaeriidae) , which are tiny freshwater bivalves with a cosmopolitan distribution (Horsák 2001) . As filterfeeders, they play a significant role in energy and nutrient cycling in freshwater environments, representing a connection between primary production and the food chain (Way 1988 ). They participate in water selfpurification and are an important component of the aquatic food web as a food source for fish, birds and other animals (Økland & Kuiper 1982) . Despite the considerable importance of pea clams for the protection of biodiversity and for ecosystem functioning, our present knowledge about their biology and ecology is poor and has primarily been focused on their assemblages in rivers, ponds or lakes (Bishop & Hewitt 1976; Saunders & Kling 1990) . In comparison with other molluscs, pea clams can survive in waters with relatively low pH values (Økland & Kuiper 1982) and extremely low calcium content (Økland 1971) . Furthermore, the outcomes from studies of distribution and abundance of Pisidium species show positive effects of low conductivity (Sousa et al. 2008) , low concentration of phosphates or high concentration of magnesium (Dussart 1979) . The ambivalent results were detected in case of the organic matter content -while Kilgour & Mackie (1988) discovered its negative influence on pea clams abundance, Saunders & Kling (1990) found positive effects of organic matter content. Pea clams generally prefer fine substrates, particularly humolite or very fine sand (Kilgour & Mackie 1988) , and a flow velocity near 0.1 m s −1 (Hamill et al. 1979) . Because of these factors, oligotrophic springs represent a suitable environment for pea clams, which can also survive both the temporary desiccation of the water body (Danneel & Hinz 1976) and the freezing of the sediment that they inhabit (Olsson 1981) .
Only two Pisidium species usually inhabit moun- (Piechocki 1989; Horsák 2001) . While P. personatum is a typical spring dweller (Meier-Brook 1975; Bishop & Hewitt 1976 ) , P. casertanum is probably the most widespread pea clam, inhabiting all types of standing and running waters with variable conditions (Saunders & Kling 1990 ). In the Czech Republic, the knowledge of springs and their fauna is currently insufficient. The only detailed studies of springs in this country were carried out in the Western Carpathian spring fens and began only several years ago (Hájek et al. 2006) . These studies have mainly focussed on the spring vegetation (Hájek et al. 2002) and the molluscan communities (Horsák & Hájek 2003; Horsák 2006) in relation to the mineral gradient. Pea clams remain one of the least-known groups of freshwater invertebrates inhabiting springs, and we have thus focussed on them in this study. This paper is the first report on the spring fauna in the Blanice River catchment, carried out in the winter of 2007/2008. The main aims of the study were to determine the abundance and composition of bivalve assemblages in springs of the Bohemian Forest foothills and to determine what environmental variables influence the occurrence of individual Pisidium species in these springs.
Material and methods

Study area
The study was carried out the north-eastern margin of the Bohemian Forest (protected landscape area), Czech Republic. The study area (approximately 60 km 2 , around 48
• 55 9.408 N, 13
• 59 17.353 E) covers the upper part of the Blanice River basin. The altitude of this area ranges from 790 to 1,020 m above sea level. The climate is characterised by small annual changes in temperature and a relatively high amount of rainfall (800-890 mm per year), which is well proportioned throughout the year. The mean annual air temperatures range around 5
• C (Müller 2002) . The geological foundation consists of metamorphic rocks, which are primarily formed of granulites and recrystalised granulites, the south-eastern part of the area is covered by durbachite granite. The landscape is open, composed mainly of spruce monoculture forest and meadows, wetlands or pastures in various succession stages. The area has a very low human population density.
After preliminary investigations, 68 springs were selected, representing all three main types (helocrene, lim- nocrene and rheocrene, according to Thienemann 1924) of springs. Only unaffected permanent springs with measurable discharge were chosen, so the location of the springs is random (Fig. 1) . The exact location of springs is assigned in Table 1 .
Macroinvertebrates Sampling was performed in the winter of 2007/2008, and a total of 68 permanent springs were sampled. Because of the heterogeneity of the springs and the necessity of taking the smallest samples (without disturbing the entire spring ecosystem), one mixed sample containing ten sub-samples of various aquatic and semi-aquatic microhabitats was taken from each spring area. For this purpose, we used a sieve net with 0.15 m diameter and 0.8 mm mesh size; one sub-sample represented one plunge of the sampler into the sediment or vegetation. Samples were preserved in 70% ethanol in the field and sorted in the laboratory. Pea clams were identified using the descriptions and taxonomic keys in Heard (1979) and Horsák (2003) . Shells smaller than 1 mm in length, which were found sporadically, were ignored because specimens of this size could rarely be identified with certainty (Watson & Ormerod 2005) .
Biotope characteristics and water chemistry
At each spring area, several biotope characteristics of the spring and surrounding area were recorded: spring type (helocrene, rheocrene, limnocrene or transitional type), altitude, area of the spring (m 2 ), slope (faint, gentle or substantial), shade (on the scale of 0-3, where 0 represents no shade, 1 represents gentle, 2 considerable and 3 complete shade), connectivity of the spring to the river network, water yield (L s −1 ), water temperature at outflow, substrate proportion (percentage representation of substrate types -vegetation, humolite, sand, gravel and other substrates such as leaf litter, branches or stones), substrate variability (number of substrate types per spring), biotope proportion (percentage representation of vegetation, standing water and running water). The shade, slope, substrate and biotope proportion were estimated visually. The temperature of the outflow was measured in the field; the water discharge was detected by trapping the water in a plastic bag at the spring outflow for a defined period of time (according to Zollhöfer et al. 2000) .
The water samples for chemical analyses were taken from or near the point of the source. They were kept at cool temperatures until subsequent laboratory processing. The following parameters were measured: pH value, conductivity and concentrations of Cl − , SO 
Data analyses
Statistical analyses were conducted using Statistica 9.0 and Canoco for Windows 4.0. Environmental data were analysed using Principal Components Analysis (PCA) because of the high number of variables and their reciprocal correlations. The relationships between environmental variables and taxonomical groups were analysed using Redundancy Analysis (RDA); environmental variables were selected using the stepwise 'forward' selection procedure. The length of the ordination gradient was tested by DCCA analysis. An un- restricted random Monte Carlo permutation test (999 permutations) was used to verify the significance of the model. All species data were transformed (log e + 1) to reduce the clustering of common and abundant taxa at the centre of the ordination plot.
Results
Environmental conditions in the springs
Most of the investigated springs were helocrene (51%); the second most numerous type was limnocrene (26%); the rest were half rheocrenes and transitional types. The predominant type of shade of the spring areas was partial (37% considerable and 34% gentle shade); only 18% of springs were located in grassland (no shade) and 11% were located in the forest (complete shade). The slope of the springs was primarily gentle (62%) or faint (29%). The majority of the springs were connected to the stream network; remaining springs (31%) infiltrated near the bottom of the spring. The area of the springs usually varied between 2-10 m 2 . The discharge from the springs was generally low, ranging between 0.05-1.25 L s −1 (mean 0.23 L s −1 , SD 0.24). With respect to biotope proportion, the prevailing component was vegetation, which comprised, on average, 50% of the spring's area; standing water was recorded as 38% and running water as 12% of the area of springs. The springs were characterised by a wide range of substrate sediments (Fig. 2) ; the following average distribution of substrates was detected: vegetation (50%), humolite (30%), sand (11%), gravel (4%) and other substrates, including leaf litter, branches or stones (5%), but these values differed greatly between individual springs.
The basic statistical characteristics of the chemical components of the springs are shown in Table 2 . The water pH was generally moderately acidic (mean 5.93; SD 0.39), only small differences between springs were recorded. The conductivity showed a low amount of dissolved solids in the spring water (mean 67.36 mS m −1 ; SD 27.36). In general, all investigated springs showed comparably low concentrations of chlorides, orthophosphates, ammonium and magnesium. The concentrations of nitrites were under the detection limit in most cases. The concentrations of nitrates, sulphates and calcium varied a great deal, but without noticeable extremes. In several springs, markedly higher concentrations of metals (Al, Fe and Mn) were observed, though the majority of springs had concentrations of metals under the detection limit.
A principal components analysis (PCA) of the 26 environmental variables explained 52.7% of the total variance along the first four axes and was highly significant (P < 0.001). The first axis of the PCA explained 18.1% of the variation and was negatively correlated with the concentration of Ca, Mg, sulphates, chlorides, nitrates and conductivity. The second axis of the PCA explained 16.3% of the variability and was positively correlated with the connectivity, water yield, sand, shade and the concentration of orthophosphates and negatively correlated with the vegetation. The third axis explained 10.1% of the variability and was positively correlated with the concentrations of Al, Mn, Fe and the presence of standing water and humolite. The fourth axis explained 8.1% of the variability and was positively correlated with the slope and the presence of running water and gravel. The analysis separated four groups of environmental variables (Fig. 3) in which the first and third group were related to the chemical variables and the second and fourth group was comprised largely of biotope characteristics.
Pisidium species in springs A total of eleven higher taxonomical groups were detected in our set of springs, containing a total of 12,057 individuals. Pisidium spp. were the second most abundant taxonomical group in the investigated springs (after Plecoptera) and comprised 20.3% of the total spring fauna, being dominant in 13 springs. They constituted 48% of the permanent fauna, which was dominant in 38% of springs. Pea clams generally comprised on average 43% of the individuals recorded per spring, but there was a great deal of variation (0-95%, SD 23%). The average number of Pisidium individuals per spring was 35 (SD 41).
Only two species of Pisidium were recorded in our set of springs, Pisidium casertanum and P. personatum. Both species were represented nearly equally; P. personatum slightly predominated (51.1%). Pea clams oc- curred in majority of springs; only nine springs with no Pisidium species were recorded (Table 3) . Both species almost always co-occurred (strong positive correlation, Pearson R 2 = 0.522, P < 0.001), except for twelve springs where only P. casertanum was recorded and one spring with only P. personatum. In terms of dominance, P. casertanum was dominant in more than half of springs (53%), while P. personatum dominated in only 34% of springs.
The occurrence of pea clams in relation to environmental conditions and spring fauna The occurrence of Pisidium species as well as of two other taxonomical groups (Trichoptera, Gammaridae) was significantly affected by the type of spring (Fig. 4) ; the most evident differences were recorded between rheocrene and helocrene springs. Species of the genus Pisidium generally occurred in helocrene springs, where they represented the second most abundant taxonomical group (after Plecoptera). Their abundance in helocrene springs significantly differed from rheocrene springs (Wilcoxon test, P = 0.032).
The influence of environmental variables on single taxonomical groups was analysed by Redundancy Analysis (RDA), which explained 24.7% of the variability of species data and 97.9% of the variability of the species-environment relationship (Fig. 5) . The eigenvalue for the first axis was 0.185 and for the second axis it was 0.040 (Table 4) . Five environmental variables were found to have a significant influence on the composition of spring assemblages: connectivity (P = 0.001), sand (P = 0.005), concentration of nitrates (P = 0.006), gravel (P = 0.009) and substrate variability (P = 0.022). Based on these results, species of the genus Pisidium were negatively influenced by the relative covering of sand (Spearman R 2 = 0.324, P = 0.007) and gravel (Spearman R 2 = 0.454, P < 0.001); the remaining significant variables did not affect their occurrence.
The abundance of Pisidium species interacted positively with the abundance of Plecoptera (Pearson R 2 = 0.358, P = 0.003) and negatively with Trichoptera (Pearson R 2 = 0.272, P = 0.025).
Differences in habitat requirements of individual Pisidium species
Variables that significantly influenced the occurrence of P. casertanum and P. personatum are shown in Table 5. Six biotope characteristics affected the abundance of each species, four of which were identical for both species. The most considerable of these variables seems to be the substrate proportion. The effect of water chemistry was less important. Based on the results of the PCA analysis, the occurrence of Pisidium species was correlated with the first four axes, and the following results were obtained. Pisidium casertanum was related to the second (Pearson R 2 = 0.435, P < 0.001) and fourth (Pearson R 2 = 0.276, P = 0.040) PCA axes, which shows that biotope characteristics are the main factors determining the occurrence of this species. In contrast, P. personatum was correlated to the first PCA axis (Pearson R 2 = 0.369, P = 0.001), which represents several important chemical components (Fig. 3) . Table 5 . Correlation coefficients (R 2 ) and P values of selected variables that were significantly correlated with the abundance of Pisidium species (bold font indicates significant correlations). 
Pisidium casertanum Pisidium personatum
Discussion
Geology determines the character of springs Pea clams were most abundant in helocrene springs, which were the most frequent type in the studied set of springs. However, the most widespread type of spring in the mountains of Central and Southern Europe has been asserted to be rheocrene (Hahn 2000; Cantonati et al. 2006) . The distribution of spring types depends on geological characteristics which affect the geomorphological character of a region. These geomorphological characteristics are probably the reason for the dominance of helocrene springs in the studied area, which is underlayed by firmer geological substrates than other mountain areas of Central Europe. Another explanation for the distribution of spring types is related to the different methods of management used in different regions (Zollhöfer 1996) . The fact that the geological substrate in our study region is made of granulites also results in low pH values and the low conductivity of spring water, which were positively correlated with each other (Pearson R 2 = 0.38, P = 0.001). The detected pH values are comparable to those recorded in the Netherlands, in an area with the same geological substrate (Verdonshot & Schot 1987) . The chemical characteristics of the investigated springs were generally highly similar due to the geological homogeneity of the region and the small differences in altitude throughout the study area.
Which environmental factors determine the occurrence of Pisidium species?
The occurrence of only two Pisidium species in the mountain springs was expected from the results of previous studies on pea clam distribution (Piechocki 1989; Horsák 2001) . It also corresponds with other studies of spring fauna where pea clams were classified at the species level, although such studies have been rare (Zollhöfer 1996; Hahn 2000) . Both species of pea clams were found in all three types of springs, predominating in the helocrene type (Cantonati et al. 2006) .
As a typical spring dweller, P. personatum is extremely resistant to low temperatures (DyduchFalniowska 1982) . In our study, no expansion in the distribution of this species to colder springs was found. However, the winter of 2007/2008 was unusually mild, and the dominance of P. personatum can possibly indicate those springs, which froze in colder winters. According to Holopainen & Hanski (1979) , P. personatum is a species that is able to survive in restricted living conditions, but it appears to seek out "better biotopes" based on our results and the results of Horsák et al. (2007) , who observed that P. personatum was highly abundant in nutrient-rich sites. However, the wide ecological tolerance range of P. casertanum can also cause difficulties in distinguishing the ecological requirements of several Pisidium species, especially in regions with a narrow extent of their niche, such as in our set of springs.
As was previously mentioned, only a small number of studies have dealt with the differences between the requirements of single Pisidium species, and findings regarding the parameters influencing the occurrence and distribution of pea clams differ markedly. The main parameters influencing the occurrence of various Pisidium species were generally found to be water pH, calcium concentration (Horsák et al. 2007 ) and the type of substrate (Meier-Brook 1969; Bódis et al. 2008 ) related to the current velocity (Hoffsten & Malmqvist 2000) .
Influence of low pH and calcium concentration Pisidium casertanum is perhaps the most tolerant of all bivalves. It can survive in water with pH values below 5.0 (Økland & Kuiper 1982) and very low calcium concentrations (less than 4 mg L −1 ); remarkably, it can even reach a high population density in such habitats (Horsák & Hájek 2003) . In our study, only two springs with pH values lower than 5.0 were recorded. Pisidium casertanum was found in these springs sporadically, and P. personatum was absent. However, we detected a high number of springs with very low calcium concentrations (below 4 mg L −1 ) in our set of springs (almost 70%), and both pea clam species occurred there commonly, occasionally in high numbers. The low calcium concentrations might be simply explained by snow melting, which can temporarily dilute the water, but there was no thaw during the time of sampling. The difference between these species was established in their calcium content requirements: P. personatum preferred sites with higher calcium concentrations than P. casertanum. This discrepancy in the results can be explained by two factors: P. personatum is more sensitive (has a narrower ecological niche), and only a narrow range of mineral gradients (mineral poor) was investigated in this study.
Substrate preferences of Pisidium species
As confirmed by a number of previous studies, substrate composition plays an important role in the composition of macroinvertebrate assemblages in springs (Hahn 2000; Ilmonen & Paasivirta 2005) . Several studies showed specific substratum preferences of pea clams (Meier-Brook 1970; Meier-Brook 1975) , but neither P. casertanum nor P. personatum were included in these studies.
Pisidium species generally prefer soft organic sediments (humolite, mud, silt) over coarse substrates (Hahn 2000; Bódis et al. 2008) . We detected similar preferences in our study. The abundance of both pea clam species decreased with increasing sand and gravel cover; P. personatum preferred humolite cover, and P. casertanum was found to be most abundant in springs with extensive vegetation cover.
Importance of slope and shade Slope and shade were two other categories of biotope characteristics determining the occurrence of both Pisidium species in the Blanice River catchment. The negative influence of slope was previously found to affect the molluscan communities in springs of the Western Carpathians (Horsák & Hájek 2003) . We found that slope was correlated with discharge (Spearman R 2 = 0.242, P = 0.047), which was also recorded to be important for Pisidium species (Hoffsten & Malmqvist 2000) . The negative influence of slope corresponded with the predominant occurrence of pea clams in helocrene springs, which generally have moderate or no slope.
The negative influence of shade can also be connected with the preference of helocrene springs. The emergence of helocrene springs is associated with wetland vegetation cover, which cannot evolve without the sufficiency of light. Horsák et al. (2007) found the gradient of light to be the second most important characteristic determining mollusc communities in springs of the Western Carpathians.
The data presented here are primarily suitable for the evaluation of the influence of spring morphology on macroinvertebrate assemblages due to the fact that there was little variability in the other parameters such as water chemistry, altitude and temperature. Thus, these morphological characteristics may indicate the differences in niches of species in mineral-poor conditions, which generally present an unfavourable environment for permanent fauna compared to temporal fauna (Hoffsten & Malmqvist 2000) .
